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Introduction
Corydalis bugeana Turcz., a perennial herb, belongs to Corydalis plants of Papaveraceae (Xie et al., 2004) . The dried whole plant is referred to traditional herbal medicine C. Bungeanae Herba (Kudiding in Chinese) and is officially included in the Chinese Pharmacopoeia of 2010 version. Kudiding has been widely used in China and other Asian nations for the treatment of various infectious diseases. The chemical components found in Kudiding include alkaloids, steroids, and flavonoid glycosides (Yang et al., 2014) . Isoquinoline alkaloids are reportedly the major components occurring in the herb (Niu et al., 2011) . Corynoline ( Fig. 1) is one of the isoquinoline alkaloids and was first isolated and characterized from Papaveraceae in 1968 (Naruto et al., 1968) . The alkaloid has been proved to show potent anti-inflammatory and/or immunosuppressive activity (Kamigauchi et al., 2005) . A recent study demonstrated that corynoline was an inhibitor of prolyl oligopeptidase that is reportedly associated with schizophrenia, bipolar affective disorder, and related neuropsychiatric disorders (Cahlíková et al., 2015) . Despite this, corynoline was found to show time-dependent inhibition of CYP3A4 (Fang et al., 2011) , and it has been reported to be toxic to cultured human A549, SK-OV-3, SK-MEL-2, and HCT15 cells (Choi et al., 2007) . The observed enzyme inhibition and cytotoxicity raise the concern on the safe use of corynoline and its remedies.
The toxicities of many xenobiotics are mediated by an initial cytochrome P450-dependent generation of reactive electrophilic intermediates that react with DMD # 65813 5 nucleophilic sites of macromolecules, such as proteins and nucleic acids. The modification of the biomolecules is suggested to trigger the process of toxicities. Many structural toxicophores have been documented based on structure-toxicity relationship studies (Kalgutkar and Soglia, 2005; Baillie, 2006) , which enables us to avoid these functional groups in the practice of drug design. 1,3-Benzodioxole group is such a structure generally considered as an important structural alert. Many 1,3-benzodioxole-containing compounds have been reported to induce P450-dependent toxicities and P450 enzyme inactivation. The P450-mediated metabolic activation generally starts with O-demethylenation of those 1,3-benzodioxole-containing compounds leading to ring-opening and formation of a catechol metabolite (Hutzler et al., 2006) , followed by oxidation to produce electrophilic ortho-quinones (Hutzler et al., 2008) . For example, the generation of an ortho-quinone metabolite derived from 3,4-methylenedioxymethamphetamine (MDMA) is reportedly responsible for toxicities induced by MDMA (Tucker et al., 1994; Antolino-Lobo et al., 2010) . Sitaxentan, a selective endothelin-A receptor antagonist, was withdrawn from the global market by Pfizer in December 2010, due to its idiosyncratic hepatotoxicity. A similar DMD # 65813 6 study were (1) characterization of reactive electrophilic metabolites of corynoline using in vitro and in vivo models; (2) elucidation of the pathways of corynoline bioactivation;
and (3) identification of cytochromes P450 enzymes responsible for metabolic activation of corynoline. DMD # 65813 8 experiments. A total normalized rate method was applied. The rates of metabolite formation in individual incubations with recombinant P450 enzymes were multiplied by the mean specific content of the corresponding P450 enzyme in HLMs to obtain the "normalized" reaction rates of each enzyme. (Fig. 5D ), signaling that NAC was incorporated on E ring as described above for M6. Additional evidence for the assignment included that M7 failed to display fragments at m/z 177 and 289, the characteristic fragments of M1 and M2. Thus, we proposed that M7 was derived from M3 conjugated with NAC on E ring.
Sample Preparation for LC-MS/MS
Chemical synthesis was performed to further characterize the metabolites detected in microsomal incubations. Demethylenation was achieved by refluxing of corynoline in toluene in the presence of AlCl 3 . The resulting demethylenated products showed the This article has not been copyedited and formatted. The final version may differ from this version. (Figs. 3H, 3I , 3J, 4H, 4I, and 5E). Unfortunately, we were unable to obtain enough amounts of the individual products for nuclear magnetic resonance characterization, due to the complexity and poor yields of the reactions.
Bioactivation of Corynoline in Rats.
To investigate bioactivation of corynoline in vivo, urinary metabolites collected after an intraperitoneal injection of corynoline in rats were analyzed by LC-MS/MS in an MRM-EPI mode. Oxidative metabolites M1, M2, and M3 were found in the urine after administration of corynoline, and no such metabolites were observed in the urine before the treatment with corynoline (data not shown). The retention time (Fig. 3D ) and major fragment ions (Figs. 3K, 3L , and 3M) of the three metabolites detected in the urine were in agreement with those produced in microsomal incubations.
We failed to detect NAC conjugates (M4-M7) in the urine samples. Instead, we found three metabolites (M8-M10) with molecular ions of m/z 532, which matches the molecular weight of cysteinylglycine (Cys-Gly) conjugates derived from M1 and/or M2.
These conjugates resulted from the loss of glutamyl portion from the corresponding glutathione (GSH) conjugates. As expected, no such conjugates were detected in the blank urine (data not shown).
This article has not been copyedited and formatted. The final version may differ from this version. Thus, we proposed that M8 and M9 were Cys-Gly conjugates derived from M1, and M10
was a Cys-Gly conjugate resulting from M2.
Identification of Human Recombinant CYPs Responsible for Metabolic
Activation of Corynoline. To identify which individual human recombinant CYPs are mainly involved in metabolic activation of corynoline, eight CYP isoforms, including CYPs 1A2, 2B6, 2C9, 2C19, 2D6, 2E1, 3A4, and 3A5, were individually incubated with corynoline in the presence of NAC as the trapping agent, followed by monitoring the formation of M4 and M5. We found that multiple CYP isoforms mediated M4 and M5
formation. Among them, CYPs 2C9, 3A4, and 2C19 were the primary enzymes contributed to the metabolic activation of corynoline (Fig. 7) .
This article has not been copyedited and formatted. The final version may differ from this version. 
Discussion
With the rapidly growing global interest in natural products as medical remedies, dietary supplements, and 'natural' foods, more and more cases of natural product poisonings have been reported. Some natural products are toxic and may cause severe adverse effects, including fetal problems in humans. Thus, safe consumption of such natural products is becoming a public concern. Corynoline is one of the major components in C.Bungeanae Herba widely used as traditional herbal medicine.
Although corynoline was reported to cause cytotoxicity (Choi et al., 2007) , metabolism of corynoline has not been carefully investigated. Corynoline contains two 1,3-benzodioxole groups, and many 1,3-benzodioxole-containing compounds were found to induce toxicities (Erve et al., 2013) . Metabolic activation is suggested to initiate the process of the toxicities induced by these toxic compounds. Specifically, the bioactivation possibly starts with O-dealkylation by which the 1,3-benzodioxole group is biotransformed to the corresponding catechol, and sequential oxidation of the catechol produces an ortho-quinone. The resulting quinone may be responsible for the toxicities.
Three O-dealkylation metabolites were detected in microsomal incubations with corynoline. The three oxidative metabolites were characterized as two isomeric catechols (M1 and M2) and one di-catechol (M3), respectively. Additionally, a total of four NAC conjugates (M4-M7) were identified in NAC-and corynoline-fortified microsomal reactions, and these conjugates were derived from the respective M1, M2, and M3. The formation of the demethylenated metabolites and the NAC conjugates was 
